Abstract-In this study, we explore how blood-material interactions and hemodynamics are impacted by rendering a clinical quality 25 mm St. Jude Medical Bileaflet mechanical heart valve (BMHV) superhydrophobic (SH) with the aim of reducing thrombo-embolic complications associated with BMHVs. Basic cell adhesion is evaluated to assess bloodmaterial interactions, while hemodynamic performance is analyzed with and without the SH coating. Results show that a SH coating with a receding contact angle (CA) of 160°s trikingly eliminates platelet and leukocyte adhesion to the surface. Alternatively, many platelets attach to and activate on pyrolytic carbon (receding CA = 47), the base material for BMHVs. We further show that the performance index increases by 2.5% for coated valve relative to an uncoated valve, with a maximum possible improved performance of 5%. Both valves exhibit instantaneous shear stress below 10 N/m 2 and Reynolds Shear Stress below 100 N/m 2 . Therefore, a SH BMHV has the potential to relax the requirement for antiplatelet and anticoagulant drug regimens typically required for patients receiving MHVs by minimizing bloodmaterial interactions, while having a minimal impact on hemodynamics. We show for the first time that SH-coated surfaces may be a promising direction to minimize thrombotic complications in complex devices such as heart valves.
INTRODUCTION
Hundreds of thousands failing heart valves are replaced with bioprosthetic or mechanical valves each year as a result of valvular disease. 60, 86 Bioprosthetic valves suffer from durability issues and are at high risk for structural deterioration in children. 71, 78 Therefore, patients receiving these valves require reoperative procedures, increasing the risk for adverse events. 16, 43 Alternatively, mechanical heart valves (MHV)s are at risk for thromboembolism due to non-phsyiological hemodynamics and through blood-material reactivity. 4, 5, 13, 15, 40, 79 To mitigate risks, patients are treated with systemic lifelong anticoagulant/antiplatelet drug regimens, which increases the bleeding risk, restricts lifestyle, and can even cause death. 58, 74 These drawbacks have resulted in a drop in patients receiving MHVs. 11, 33 However, if these durable valves are made with thrombo-resistant materials and/or if non-physiological hemodynamics are impacted, then less aggressive anticoagulant and antiplatelet therapies would be required.
One concern with MHVs is the potential for hemolysis (erythrocyte rupture) and platelet activation associated with non-physiologically high shear stress. 8, 9, 38, 59, 87, 88 Hemolysis can have many detrimental effects, including anemia in extreme cases. 81 In all cases of rupture, erythrocytes release adenosine diphosphate, a platelet activation agonist that can promote thrombosis. 19, 20 Shear stress can also directly stimulate platelet activation in the absence of hemolysis, further promoting thrombo-embolic complications. 2, 3, 8, 9, 38 As a result of these risks, many studies have attempted to charac-terize shear stress and Reynolds shear stress (RSS) in MHVs through experimental and computational fluid dynamics (CFD). 25, 34, 55, 76, 87 Sotiropoulos et al. provides a review of these dynamics and an explanation for how RSS can contribute to hemolysis or platelet activation by impacting the instantaneous shear stress experienced by blood cells is further explored in Morshed et al. 59, 76 Generally, these studies of RSS and shear stress find that stresses downstream of the bileaflet St. Jude valve remain below values that should induce hemolysis for MHVs. However, temporal fluctuations in stress, leakage through the valve, hinge regions of the valve, and foreign surfaces complicate the situation. 6, 28, 34, 88 The impact of MHV hemodynamics on thrombosis remains poorly defined since platelet activation is time-dependent, involves complex signaling with feedforward chemical pathways, and since activation can be reversible. 30, 36, 38, 39, 90 Despite these complications, there have been attempts to incorporate these parameters into blood damage accumulation models. 1, 9, 38, 62 Combined, these studies indicate that a reduction of instantaneous shear stress may lower the potential for blood damage.
In addition to adverse hemodynamics, blood-material interactions can result in thrombosis. 7, 10 For example, various synthetic valves have been designed to exhibit similar hemodynamics to bioprosthetic and native heart valves, yet they still suffer from thrombotic complications. 22, 35, 84, 85 Therefore, various material treatments have been developed in attempts to mitigate this risk. 7, 41 One approach is to weaken the interaction of cell and protein adhesion to a surface by using hydrophilic surfaces or through the application of an unreactive protein to the surface. 42, 44, 51, 66 However, hydrophilic polymers, such as polyethylene oxide or polyethylene glycol are known to decompose over time as a result of oxidation. 21 Furthermore, macrophages can adhere to unreactive proteins like albumin, stimulating an inflammatory response. 37 A second approach is to inhibit the various pathways involved in thrombosis through the release of agents such as heparin. 18, 27, 73, 82 However, there are often leaching issues with this method, degrading the thrombo-resistive properties of the surface over time. 18 Overall, despite efforts, many of these materials have only exhibited marginal benefits in clinical studies. 49, 68 Superhydrophobic (SH) surfaces, i.e., surfaces that are extremely repellent to water, may provide an alternative approach to minimize the thrombotic risk associated with blood-material interactions. 45, 53, 80 These surfaces, exemplified by the lotus leaf in nature, are fabricated by combining materials with low solid surface energy (typically c sv <15 mN m 21 ) and texture. [46] [47] [48] Low solid surface energy makes the surface hydrophobic and is controlled by chemical composition through functional groups, such as -CF 3 . The primary measure of wetting of a liquid on these nontextured (i.e., smooth) surfaces is the equilibrium (or Young's) contact angle h. 89 Materials with a low solid surface energy can reach contact angles as high as 120°. 61 Furthermore, these surfaces are known to promote plasma protein adhesion and can impact plasma protein conformation.
57,69 Superhydrophobicity can be created by adding texture to surfaces with low solid surface energy, with enhanced effects seen for hierarchical texture involving microscale and nanoscale structures. When a liquid droplet contacts a textured (i.e., rough) solid surface, it displays an apparent contact angle h * , and it can adopt one of two configurations to minimize its overall free energy-the fully wetted Wenzel state or the partially wetted Cassie-Baxter state. 14, 83 Microscopic pockets of air exist in the texture of the Cassie-Baxter state, which leads to a composite liquid-air-solid interface and thus minimizes the solid-liquid interface. The Cassie-Baxter state leads to high h * and low contact angle hysteresis Dh * . 14 A surface is considered SH if it displays h * > 150°and Dh * < 10°with water. 46, 47 In addition to minimizing blood-material reactions, surfaces based on the Cassie-Baxter state may alter local hemodynamics since fluid slip can exist along the surface, potentially reducing the risk for hemolysis and shear-induced platelet activation. 17, 50, 64, 65, 70, 77 Here, we are interested in evaluating the potential use of SH surfaces as a MHV leaflet material with the aim of reducing the thrombogenic properties of current pyrolytic carbonbased valve leaflets. This study only explores the SH paradigm, while additional work will be needed to optimize the durability of the SH surface and to further assess the thrombotic potential of a SH valve in a physiological blood flow environment.
MATERIALS AND METHODS

Superhydrophobic Coating on a Mechanical Bileaflet
Heart Valve Ultra-Ever Dry (UltraTech International, Inc., Jacksonville, FL) is a commercially available SH coating used in this study. The coating involves a bottom layer of coarser texture and a top layer of finer texture. A combination of the coarser and finer scale texture results in a hierarchical structure that increases the hydrophobicity relative to a single length scale structure. The hierarchical texture was applied as a spray to a 25 mm St. Jude Medical TM standard pyrolytic carbon (PyC) bileaflet mechanical heart valve (BMHV), using an airbrush (Paasche Airbrush Company, Chicago, IL) with a spray pressure of 30 psi. For this procedure, glass or PyC was exposed to oxygen plasma for 15 min to enhance the adhesiveness of the coating. The bottom coating of coarser texture was allowed to dry for 5 min prior to spraying the top coating, which was allowed to dry for 15 min. Both coatings dried at room temperature. The presence of the coating was tested through contact angle measurements. The BMHV was used for hemodynamic/ hydrodynamic experiments. Due to limitations in obtaining PyC samples, we also applied a coarse and hierarchical texture to glass for blood studies. This becomes necessary to compare various surface treatments for a given sample of blood. With a sufficient coating thickness, the base material should not contact the blood, whether PyC or glass, as further described in the supplementary material. In this work, we denote surfaces with the coarse layer only as ''coarse'', while surfaces with the coarse and fine layer are labeled as ''hierarchical'', followed by the type of base material.
Characterization of Surface Hydrophobicity
Advancing and receding contact angles (CA)s were used to assess the hydrophobicity through a RameHart goniometer. Reported CAs were measured between the solid-liquid and liquid-vapor interfaces of a small (8-12 lL) droplet of deionized water placed on a surface of interest. CA hysteresis is reported as the difference in advancing and receding CAs. Roll-off angles were also measured by applying a 8-12 lL water droplet to the surface. For this test, the surface was tilted at an angle relative to the horizontal until the droplet rolled or slid.
Additional tests were performed to demonstrate the repellence of surfaces to blood. In the first test, we dropped 12 lL of blood onto surfaces from a height of 10 mm to observe potential bouncing. In a second test, a 30 lL droplet of blood was placed along various surfaces at a 45°angle. The increased volume was used to make the blood droplet slide along the glass surface. A FASTCAM SA3 high speed camera (Photron, Inc.) was used to capture videos for both tests at 1500 frames per second.
Blood-Material Reactivity
As a preliminary assessment of hemocompatiblity, we compared platelet and leukocyte adhesion on glass, PyC, coarse glass, and hierarchical glass. Human blood was drawn through venipuncture from healthy individuals, who stated that they were free of anticoagulant or antiplatelet medications, such as aspirin for at least 10 days. All blood donors provided written consent for the study in accordance with the Internal Review Board of Colorado State University. Plasma was isolated from erythrocytes by centrifuging the blood anticoagulated with ethylenediaminetetraacetic acid (EDTA) at 100 g for 15 min. 2 mL of pooled plasma was subsequently incubated with each sample in a 12-well plate. Incubation was performed at room temperature on a horizontal shaker plate (100 revolutions per minute) for 2 h with the aim of dispersing coagulation factors produced from activating platelets. These methods are similar to previously used techniques to assess platelet adhesion and activation on various biomaterials. 23, 52, 53, 63, 75 After incubation, samples were fixed with 1% gluteraldehyde and were dried through a series of ethanol treatments. Samples were then imaged using scanning electron microcopy to determine the amount of cell adhesion.
Steady Flow Hemodynamic Performance
To quantify the energy loss across the coated valve relative to an uncoated valve, we calculated the effective orifice area (EOA) based on the ISO-5840/2005 guidance document. In this document, the EOA is defined as:
where Q rms is the root mean square of forward flow in mL/s, DP is the mean pressure difference across the valve in mmHg, and q is the density of the fluid in g/ cm 3 . Pressure was measured with a manometer one diameter upstream and three diameters downstream of the valve in a specially designed chamber with an internal diameter of 35 mm. Flow rates were also measured using an ultrasonic flow probe (Transonic Inc., Ithaca, NY). The flow system is shown in Fig. 1a . To calculate the EOA (Eq. 1), steady flow was supplied to the valve using a submersible pump (G535AG20 Beckett Corporation, Irving, TX) to control flow rates from 5 to 30 L/min with 5 L/min intervals. Flow rates were controlled by providing flow resistance through a ball valve in-line with the prosthetic heart valve. Experiments were repeated 3 times. A line crossing zero was fit through the data with flow rate plotted against the square root of the pressure drop. After a unit conversion, the slope was reported as the EOA. The fluid used for this test involved a glycerin and water mixture with viscosity of 3.6 cP and density of 1000 kg/m 3 . Performance was also evaluated by calculating the Performance Index (PI), defined as the EOA normalized with the geometrical annulus area. In this study, the annulus area is defined as the cross sectional thickness of each leaflet subtracted from the housing internal orifice area. The coating changes this area as it adds thickness to the leaflets and decreases the housing orifice area. Coating thickness was estimated via inspection of its cross section using the optical microscope.
Pulsatile Flow Hemodynamic Performance Through Particle Imaging Velocimetry
Physiological pulsatile flow was established using ISO 5840/2005 in a left heart simulator previously described in Ref. 32 and is shown in Fig. 1b for particle imaging velocimetry (PIV) experiments. The flow loop was driven by a custom fabricated bladder pump, controlled by air pressure and solenoid valves through a custom LabView (National Instruments Corporation, Austin, TX) program. Pressure transducers (ValiDyne Engineering, Northridge, CA) were also placed upstream and downstream of valve fixed in a mounting chamber in-line with an ultrasonic flow probe. A compliance chamber and a resistance valve were placed downstream of the mounting chamber. Air pressure to the bladder pump, compliance, and the resistance were adjusted to obtain a systolic/diastolic pressure ratio of 120/80 mmHg, a cardiac output of 5 L/min, and a pulsatile rate of 60 beats per minute with a systolic duration of 35%. These values were maintained within 10% throughout the experiment.
We used PIV to quantify the flow field on the downstream side of the testing valve. PIV was performed in a phase-locked mode to capture peak flow corresponding to normal physiological aortic conditions described above. A glycerin and water mixture at viscosity of 3.6 cP and density of 1000 kg/m 3 was seeded with 1-20 lm melamine resin particles coated with Rhodamine-B. A Nd:YLF Single Cavity Diode Pumped Solid State High Repetition Rate Laser (Photonics Industries, Bohemia, NY) was used to illuminate a 0.2 mm thick measurement plane. The measurement plane was imaged with a double frame FASTCAM SA3 high speed camera. DaVis (Lavision, Inc.) was used to post-process PIV slices using an ensemble of approximately 250 phase-locked measurements. Turbulence was characterized using the 2D RSS, obtained through Reynolds decomposition, calculated as:
where u¢ and v¢ are the fluctuating velocities in the x (streamwise) and y direction respectively. N is the number of cycles, which was 250. The RSS is not a physical stress experienced by the cells. 34, 59 However, the value is reported for relative comparison with the literature and since it still provides predictive capability for blood damage. Therefore, we also calculated the instantaneous shear stress to assess the potential for hemodynamic stress-induced blood damage using:
where l is the dynamic viscosity. Shear stress was computed using a central differencing scheme, preceded by a 3 9 3 Gaussian filter, as previously used in Ge et al.
34
Computational Fluid Dynamics ANSYS Fluent (Canonsburg, PA) was used to compare the pressure drop of a standard BMHV, with an idealized SH BMHV. For this purpose, a no-slip condition was applied as a boundary condition at the surface for the BMHV, while a second simulation was performed with free-slip along the SH BMHV surface. A free-slip condition was chosen because SH surfaces can exhibit varying degrees of fluid-slip along the surface. 24, 56 A free-slip condition provides an extreme case, counter to the no-slip condition. An improvement in hemodynamics for a free-slip condition warrants further optimization of the surface from a hemodynamics perspective; whereas minimal change would indicate that valve design may have more impact on hemodynamics through form drag experienced by the valve. Valve geometries were identical and were created to mimic the experimental valves in the open configuration. Leaflet positions remained fixed during the simulation. Simulations involved an unstructured three-dimensional grid (~1.8 million cells) with a halfsine wave velocity boundary condition at the inlet from 
. A 0 pressure condition was applied as the outlet boundary. Out-of-plane vorticity was calculated using:
RESULTS
Results are organized with an initial quantification of hydrophobicity. Blood-material reactivity is then assessed based on cell adhesion. Subsequently, hemodynamics are characterized to investigate the potential for blood damage due to fluid stress using steady and pulsatile flow experiments. These results are finally compared with computational results of an idealized valve.
Characterization of Surface Hydrophobicity
PyC with a hierarchical coating repels water and blood, as demonstrated by the beading of both fluids, Figs. 2a and 2b . The contact angles of water are reported in Table 1 . These results demonstrate that PyC changes from a slightly hydrophilic surface with a receding contact angle of 47°to a superhydrophobic surface with a receding contact angle of 160°after the hierarchical coating. Alternatively, the coarse coating maintains a receding contact angle of 70°. Furthermore, with a hierarchical coating, the contact angle hysteresis is only 4°. With these properties, blood bounces off of the hierarchical surface, while it sticks to PyC, as demonstrated in Fig. 2c and supplementary  video 1 .
The movement of blood is also visualized by placing a 30 lL droplet of blood on various surfaces tilted at 45°relative to the horizontal. Results are shown in Fig. 2d and supplementary video 2 . The droplet slowly slides down a surface of bare glass and PyC, leaving a trail of blood. No movement is observed on glass coated with a coarse texture. Conversley, a droplet of blood swiftly slides or rolls off of a hierarchical glass slide, leaving no visual trace of blood on the surface. The roll-off angles (minimum angle by which a surface should be tilted relative to the horizontal for a droplet to roll off) for water are listed in Table 1 . A water droplet rolls or slides off of the glass coated with a hierarchical texture when the surface is tilted by 5 o or more, relative to the horizontal. Water does not roll or slide off of any other surface, even at a 90°tilt angle (i.e., surface is vertical). These results demonstrate that the hierarchical coating renders the surface SH.
Blood-Material Reactivity
A preliminary assessment of the blood-material thrombotic response is performed by evaluating platelet and leukocyte adhesion. Glass and PyC result in substantial platelet adhesion, as shown in Fig. 3 . Furthermore, adherent platelets exhibit sphering of the platelet body and multiple filopodia projections, demonstrating activation. Even more platelet adhesion can be seen on the coarse coating. This surface also results in the adhesion of multiple leukocytes, unlike the other surfaces. However, strikingly, no leukocytes or platelets are seen on the hierarchical coating, which involves a microscale (top row) and a nanoscale (bottom row) structure that can be seen in Fig. 3 . Overall, the SH hierarchical coating strikingly eliminated the adhesion of leukocytes or platelets to the surface, while substantial adhesion is seen on other surfaces.
Effective Orifice Area
A SH coating could alter hemodynamic performance by creating fluid slip along the surface. Therefore, the EOA of the valve is tested with and without the hierarchical coating. The EOA of the 25 mm PyC BMHV is 3.78 ± 0.15 cm 2 (R 2 = 0.998), which decreases to 3.45 ± 0.07 cm 2 (R 2 = 0.998) with the hierarchical coating. The PI is also calculated since the 0.3 mm thick hierarchical coating decreases the geometric orifice area. As opposed the EOA, the PI increases from 0.77 ± 0.03 for to 0.79 ± 0.02 for the hierarchical coated valve, demonstrating a 2.5% improved performance if both valves exhibited the same geometric orifice area.
Pulsatile Flow Experiments-Particle Imaging Velocimetry
Potential slip along the hierarchical coated PyC surface could alter the flow field downstream of the valve under pulsatile flow conditions. To test this possibility, the PyC and hierachical BMHV are placed in a left heart simulator. Representative ensemble averaged flow and pressure curves are presented in Fig. 4a for these experiments. Only one set of curves 
IGURE 3. Scanning electron microscope images of glass, PyC, glass with a coarse coating, and glass with a hierarchical coating. Platelet (green) and leukocyte (red) adhesion on various surface treatments. The bottom row is magnified by a factor of 10 more than the top row.
are shown because these curves are within the variance of typical experimental results irrespective of the SH coating. PIV is performed on both valves during peak flow, labeled in Fig. 4a . The instantaneous shear stress for each valve is shown in Fig. 4b with values similar for both valves, remaining below 10 N/m 2 . However, one notable difference between the two valves is that the instantaneous shear stress is higher in the sinus region of the coated valve relative to the uncoated valve, demonstrating less flow stagnation. Instantaneous shear stress only provides data for a single representative point in time and does not describe the statistical characteristics of turbulence. Therefore, RSS contours are also quantified in Fig. 4c . RSS remains below 100 N/m 2 and is higher near the leaflets of the thicker coated valve relative to the PyC BMHV. RSS is also high along the shear layer initiating form the valve housing for both valves. For this region, RSS remains relatively confined within the aortic sinus for the hierarchical coating, whereas RSS of the same order extends past the sinus for the PyC valve. Therefore, similar downstream hemodynamics are seen for both valves, with a small improvement for the BMHV with a hierarchical texture.
Computational Fluid Dynamic Results
We are further interested in quantifying the optimal improved hemodynamic performance of the BMHV if there is free-slip along the leaflet surface. Improved performance in this context would correspond to a reduced pressure drop across the valve for a given flow rate. CFD is used to create idealized conditions involving no-slip and free-slip along the simulated leaflets. Figure 5a shows the pressure drop across the valves as peak inlet flow rate is reached. The pressure drop across the valve at 30 L/min for a free-slip condition is 4.79 mmHg and is only marginally lower than the no-slip condition, which exhibits a pressure drop of 5.28 mmHg. Therefore, the corresponding EOA for the free-slip condition only improves by 5% over the no-slip condition. To investigate the pressure drop further, we evaluated vorticity, as shown in Fig. 5b . Supplementary video 3 compares the velocity field in the vicinity of the leaflets for the two cases. The freeslip valve exhibits slightly smaller vortex structures downstream of the valve relative to the no-slip condition during peak flow and during the deceleration phase, Fig. 5b . Combined, these results show that downstream hemodynamics are improved for a valve with free-slip over a BMHV with no-slip, but the difference is only minor.
DISCUSSION
In this article we investigated the potential use of a SH coating in prosthetic heart valves with the aim of overcoming thrombosis, the major drawback of current MHVs. The coating was able to dramatically reduce blood cell adhesion in a static environment relative to bare PyC, demonstrating a reduction in the risk for thrombosis based on blood-material interactions. Furthermore, the SH valve maintained a similar hemodynamic environment to PyC BMHVs, demonstrating no added hemodynamic damage to blood cells relative to approved prosthetic heart valves. Therefore, any thrombosis due to high shear stress and recirculation regions in MHV would still likely exist in a SH MHV, unless the valve design is modified. Therefore, additional flow control techniques can be employed, such as the use of vortex generators. 26, 31 Other SH surfaces including nanostructured polycarbonate urethane films and CO 2 -pulsed laser-treated polydimethylsiloxane have also been shown to minimize blood cell adhesion. 45, 80 Similar results have been shown for static and flow conditions with tetheredliquid perfluorocarbon coatings that create a controlled liquid barrier between blood and the surface. 53 These additional studies support the potential for a thrombo-resistive SH treatment in a heart valve application, while also demonstrating multiple methods that can be used to render valves SH.
Contrary to a SH hierarchical coating, the coarse texture exhibited a marked increase in both platelet and leukocyte adhesion. A general increase in cell adhesion may be associated with the increased affinity of plasma protein adsorption or protein conformational changes affiliated with hydrophobic surfaces. 57, 69 Alternatively, it may be associated with the increased surface area resulting from the coarse texture. Furthermore, fluorinated coatings used to create SH surfaces are known to cause a conformational change in albumin such that it supports Mac-1 binding, an integrin found on leukocytes, providing a possible explanation for the enhanced leukocyte adhesion on the coarse texture. 37 Combined these results provide potential explanations for the enhanced cell binding, but the exact mechanisms involved are not fully defined.
The movement of blood by gravity along surfaces at a 45°tilt angle in Fig. 2 can be explained by the CAs and by CA hysteresis. 29, 67 During sliding or rolling, the leading edge of the blood droplet displays the advancing CA, while the trailing edge of the droplet displays the receding CA. 29 The very low receding CA and high hysteresis maintains the trail of blood behind the droplet on glass and PyC surfaces. If the CA hysteresis is sufficiently high, the drop will remain adherent. 29 This was seen with the coarse texture, which has the highest hysteresis among all evaluated surfaces, with a value of 46°. Conversely, if CA hysteresis is small, then the drop freely moves down the surface, as seen for the hierarchical coating on glass. 67 Non-physiological hemodynamics, specifically regions of stagnating flow and regions of high shear stress, can also induce a thrombotic response. Stagnating flow can occur in the aortic sinus downstream of the aortic valve. 87 Therefore, there is need to drive fluid out through washout to restrict the persistence of stagnating flow. A SH coating appeared to increase the washout relative to an uncoated valve, demonstrated by high instantaneous shear stress near the sinus wall.
As mentioned, regions of high shear stress can also cause a thrombotic response, specifically through hemolysis and shear-induced platelet activation. However, the values causing hemolysis and platelet activation remain ill-defined due to variations in studies and due to a dependence on exposure time to a specific shear stress. For a conservative estimation, shear stress must be above 1500 dynes/cm 2 to cause hemolysis and above 100 dynes/cm 2 to cause platelet activation. 34, 38 Here, we show that instantaneous shear stress is below 100 dynes/cm 2 for both the PyC BMHV and the SH BMHV, with values similar to Ge et al. 34 Turbulence can further complicate the fate of blood cells due to spatio-temporal fluctuations in shear stress. In the case of turbulence, RSS is commonly used to predict blood damage, despite the fact it is a statistical measure and not an actual stress experienced by blood cells. 34, 59 Here, we show that the RSS magnitude remains below 1000 dynes/cm 2 at peak flow, with values similar to Ge et al. 34 This value is below 4000 dynes/ cm 2 , a value shown to support hemolysis. 72 Less is known about the response of platelets to turbulence. Also, we were unable to capture the flow field in the boundary layer of the valve leaflets. However, cells in this region should experience lower shear stress for a SH BMHV, due to the presence of slip along the surface. 24, 56 These results indicate that a coated BMHV is unlikely to cause blood damage due to downstream flow from the valve.
We initially hypothesized that a SH coating could reduce friction drag, therefore reducing the energy dissipation along the valve leaflets. This hypothesis is based on slip and drag reduction previously seen for SH surfaces in the Cassie-Baxter state. 17, 50, 64, 65, 70, 77 However, we only found a slight improvement for the SH BMHV relative to the PyC BMHV based on PI calculations. Even for idealized free-slip in CFD, we found minimal improvement in energy dissipation across the valve. Therefore, form drag likely dominates energy dissipation across the MHV in this study, while surface slip is unlikely to improve energy loss performance of the studied BMHV. In this case, dissipation is likely associated with the complex vorticity structures seen downstream of the valve. These structures are described in more detail elsewhere. 25, 76, 87 Other methods involving passive flow control may alter these structures and could be combined with SH technology to improve performance. 12, 26, 31, 54 The advantages to SH technology is not limited to BMHVs. Instead, it could be useful for numerous blood-contacting medical devices including other prosthetic heart valves, left ventricular assist devices, extracorporeal devices, and stents among others. Many of these devices also suffer from thrombosis caused by non-physiological hemodynamics and/or blood-material interactions.
LIMITATIONS
This study is intended to be a preliminary assessment for the use of SH BMHVs. Therefore, we used a commercially available SH coating as opposed to a method tailored for BMHVs. Static blood studies were performed for an initial evaluation of blood-material interactions. However, blood may respond differently under flow, warranting future investigation. Additional studies will also need to be performed to investigate long term performance of the valve if it were implanted. Hemodynamic analyses in this study were 2D and were limited to downstream flow. Therefore, we could not fully evaluate the complex three-dimensional coherent structures in the valve and we did not capture flow in leakage gaps for a closed valve. Despite this limitation, we were able to demonstrate that the instantaneous shear stress and the RSS are similar irrespective of a SH coating. In this regard, RSS calculations assume minimal cycle-to-cycle variation in leaflet kinematics, which can otherwise influence calculated turbulence parameters. For this reason, we chose to evaluate the RSS when the valve is fully open, as opposed to when it is in a transient state. Lastly, CFD was limited in spatial resolution, limiting its ability to capture small scale fluid structures. Despite these limitations, the results presented here indicate that a SH MHV may reduce the propensity for thrombo-embolic complications.
CONCLUSIONS
A superhydrophobic coating on a BMHV is found to dramatically reduce cell adhesion when put into contact with blood, indicating a reduction in thrombotic potential caused by blood-material interactions. Furthermore, the coating minimally impacts valve hemodynamics, therefore minimizing any increased blood cell damage due to fluid stress. These results indicate that a superhydrophobic prosthetic heart valve may reduce the thrombo-embolic potential of current approved mechanical heart valves.
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